Abstract The low-k carbon doped silica film has been modified by radio frequency helium plasma at 5 Pa pressure and 80 W power with subsequent XPS, FTIR and optical emission spectroscopy analysis. XPS data indicate that helium ions have broken Si-C bonds, leading to Si-C scission with C(1s) lost seriously. The Si(2p), O(1s), peak obviously shifted to higher binding energies, indicating an increasingly oxidized Si(2p). FTIR data also show that the silanol formation increased with longer exposure time up to a week. Contrarily, the CH3 stretch, Si-C stretching bond and the ratio of the Si-O-Si cage and Si-O-Si network peak sharply decreased upon exposure to helium plasma. The OES result indicates that monovalent helium ions in plasma play a key role in damaging carbon doped silica film. So it can be concluded that the monovalent helium ions besides VUV photons can break the weak Si-C bonds to create Si dangling bonds and free methyl radicals, and the latter easily reacts with O2 from the atmosphere to generate CO2 and H2O. The bonds change is due to the Si dangling bonds combining with H2O, thereby, increasing the dielectric constant k value.
Introduction
Low dielectric constant (low-k) carbon doped silica (SIOCH) film deposited using the plasma enhanced chemical vapor deposition (PECVD) method has being widely investigated due to its potential application to ultra-large scale integration [1−12] . However, plasma damage during patterning and the photoresist removal process results in C(1s) loss, oxidation, and an increased k value [2−9] . Despite extensive plasma pro-treatments and post-treatments for damage reduction [1−11] , a thorough and detailed understanding of plasma species like ions and photons interactions with the SIOCH film is just beginning to emerge. Most previous studies mainly focused on the role of free radicals, reactive ions, and vacuum ultraviolet photons to attempt to identify the source of the damage and to indicate the chemical and physical mechanism of a reaction [2−10] . Furthermore, exposure to thermal O radicals results in chemical bond change and a decrease in Si-C stretching, Si-O-Si bending related structures, similar to those induced directly by O 2 plasma. Previous study has also demonstrated that VUV light can also damage SIOCH film and directly leads to Si-O, Si-C scission. Different from the reactive gas O 2 , this work selected high purity (99.999%) inert and light gas helium plasma to observe damage of basically low-k SIOCH film at 80 W power, 5 Pa pressure and various treatment time. The mechanism of reaction for the low-k SIOCH material damaged by helium plasma was proposed upon finding C loss and increased SiOH groups.
Experiment
The samples (1 cm 2 , k=2.5) were cut from a SIOCH film deposited on a Si (100) wafer and mounted on a Ta foil substrate. After the sample is transferred into the chamber, the vacuum chamber is pumped to a base pressure of 3×10 −5 Pa before helium gas is introduced by a mass flow controller (MFC). The SIOCH sample was treated by the capacitively coupled helium plasma ignited by RF power supply (13.56 MHz) via a type impedance matching network with 80 W power and 5 Pa pressure. The samples were rapidly exposed to the atmosphere around half an hour after helium plasma treatment each time (treatment time 1 min, 3 min, 5 min.) in order to reveal the hygroscopic and oxidation effects. The changes of chemical bond were investigated by ex situ XPS and FTIR spectra. The plasma optical emission spectra (OES) were obtained by commercial optical emission spectroscopy (200-1100 nm).
Results and discussion
The FTIR spectra after different exposure time to helium plasma are displayed in Fig. 1A [2−5] . The water adsorptionrelated Si-OH stretch bond after helium treatment increases clearly, which is consistent with observations for samples exposed directly to oxygen plasma and oxygen radicals [2−8] . The data therefore demonstrate that helium plasma has damaged the bond configuration of the low-k SIOCH material, giving it a remarkable moisture adsorption property after exposure to the atmosphere. It is also shown that the moisture adsorption ability increases with extended treatment time and increases further during subsequent ambient exposure up to a week (see Fig. 1A ). In contrast, the peaks decreasing in intensity have been observed in Fig. 1B for C-related modes (CH 3 stretch, CH 3 bending, Si-C stretching), and in Fig. 2 , an abrupt fall to the normalized Si-C stretching peak high. This also obviously indicates that C abstraction took place mainly due to the weak Si-C bond (3.73 eV at bond dissociation energy, less than Si-O 4.68 eV), which is easy to suffer damage by all kinds of energy species [2−7] . In addition, the peaks for the Si-O-Si network and Si-O-Si cage also decreased drama- -tically upon exposure to the helium plasma, but the decrease ceased with extended treatment time. Furthermore, the peak intensity ratio of the Si-O-Si cage to the Si-O-Si network as a function of the treatment time is presented in Fig. 2 . It is found that the ratio decreased a little bit after the helium plasma treatment, indicating a decrease in the relative content of the Si-O-Si cage structure, which can produce a micro-porous structure and a lower film density.
The evolution of XPS spectra with the exposure time of the SIOCH film in helium plasma is shown in Fig. 3 . The exposure led to the monotonic decrease in C(1s) peak intensity at 284.4 eV (see Fig. 3A ), which agrees with the FTIR data result for Si-C stretching in Fig. 1B and the results of other literatures [5−10] . There was no significant shift in the peak binding energy after the extended treatment time, indicating no C-O,C=O,C-H bond formation at C(1s) sites. So the C(1s) peak decreasing and no new bond formation at C(1s) reveal that further C abstraction took place, which is also supported by previous studies [2−4] . The Si(2p) peak maximum at the 102.9 eV binding energy shifted toward a higher binding energy region upon exposure to helium plasma, indicating an increasingly oxidized average of the Si(2p) content. Previous studies [2, 3] have shown that the Si(2p) environment of pristine SIOCH film shown in Fig. 3C consists of a Si-O related form (103.3 eV) and a Si-C related feature (102.3 eV). The change of Si(2p) spectra (see Fig. 3C ), therefore, also demonstrates that helium plasma can reduce the content of Si-C bonds besides increasing the oxidized Siconcentration in the surface region of SIOCH, in accordance with the results of FTIR spectra (Fig. 1B) . The O(1s) peak intensity (Fig. 3B ) at 532.3 eV in the initial binding energy increased monotonically with helium plasma treatment. Meanwhile, the O(1s) peak maximum also shifted to a higher binding energy. Previous research has also demonstrated that the O(1s) peak consists of an O-Si-C bond related feature at the 531.8 eV binding energy, an O-Si-like bond related feature at the 532.5 eV binding energy, and a H-O-Si bond at the 533.5 eV binding energy [2−8] . In this pa-per, the O-Si like and O-Si-C related bonds (shown in Fig. 3B ) were revealed after deconvoluting the O(1s) peak using the Gaussian-Lorentzian method, without other bond in the O(1s) environment. The peak shifting to a higher binding energy region indicates an increasing oxidized O(1s) (O-Si like) content, consistent with the Si(2p) peak moving to a higher binding energy. The evolution of C(1s), O(1S), and Si(2p) intensities as a function of SIOCH film exposure is shown in Fig. 3D . The O(1s) content and Si(2p) content increased monotonically with exposure time while the C(1s) peak content decreased conversely to the initial values of C0(1s), Si0(2p), O0(1s), indicating further oxidization of the SIOCH film. Further, the increase of Si(2p) and the decrease of C(1s) demonstrate an increasing O-related bond at Si(2p) sites rather than at C(1s) sites. The weak chemical bonds such as Si-CH 3 are easily broken by energetic particles in helium plasma bulk, which produces lots of dangling bonds (Si-) at Si(2p) sites. It can be inferred that fresh Si-O like bonds form easily by a link between the unstable dangling bonds (Si-) and oxygen in the atmosphere [3−8] , while Si-OH bond formation is due to a combination of dangling bonds (Si-) and -OH bond in the surroundings. The optical emission spectra of helium plasma with 80 W power and 5 Pa pressure used for low-k SIOCH film treatment are displayed in Fig. 4 . The spectra are dominated by monovalent helium ions transitions, and the mainly strong spectra observed are transition 2s1S-3p1P0 (501.6 nm), 2p3P0-3d3D (587.6 nm), 2p1P0-3d1D (667.8 nm), 2p3P0-3s3S (706.5 nm), 2p1P0-3s1S (728.1 nm), and 2s3S-3p3P0 (388.8 nm). This indicates that monovalent helium ions are the main pioneers to modify the bond configuration of SIOCH film if the interaction of relative weak vacuum ultraviolet light (VUV) in plasma bulk is neglected.
It can be further inferred that it is a physical, not a chemical, effect or mechanism, by which monovalent helium ions radicals damage the low-k SIOCH film, and this is similar to previous results regarding SIOCH film modified by other inert argon ions [2, 3] . However, previous studies also indicate that strong enough VUV photons can also penetrate the surface into the inside of a SIOCH material to cut off the Si-C bonds, leading to C loss and generation of silanol [3−6] . So the effects of helium ions and VUV photons should be taken into account comprehensively.
Thus we strongly suggest that the bond changes are firstly due to the synergistic impact of monovalent helium ions and VUV photons in the plasma bulk, which cuts off Si-C bonds and generates more Si dangling bonds and free CH 3 radicals during plasma treatment. After the sample is moved from chamber to atmosphere, the free CH 3 radicals rapidly react with O 2 , producing CO 2 and H 2 O. Thus the generation of silanol is mainly attributed to the Si dangling bonds reacting with H 2 O coming from both the atmosphere and the reaction between CH 3 radicals and O 2 . More silanol bond formations result in an increase in the k value. 
Conclusions
The interaction of low-k SIOCH film with high purity helium plasma was investigated in order to further understand its damage mechanism. Ex situ FTIR and ex situ XPS data indicate C abstraction because weak Si-C bonds are broken by helium plasma, producing lots of dangling bonds (Si-). After helium plasma treatment, oxidation took place at the Si site upon exposure to the atmosphere due to the oxygen connection to the unstable dangling bond Si-. The Si-OH bond formation was mainly due to the reaction between Si dangling bonds and H 2 O coming from both the atmosphere and the reaction between CH 3 radicals and O 2 . Inert monovalent helium ions were detected by OES. It is thus concluded that the helium plasma induced damage of the SIOCH film can be ascribed to the joint effects of monovalent helium ions and VUV photons. 
